All relevant data are within the paper and Supporting Information files.

Introduction {#sec001}
============

RNAs contain a wide variety of post-transcriptional nucleoside modifications \[[@pone.0143756.ref001], [@pone.0143756.ref002]\], which vary greatly between different RNA molecules, organisms and organelles. Although their functional importance in human biology has not been extensively studied, it has recently been partially revealed that some modifications modulate a variety of RNA functions and biological processes, and they are linked to various human diseases \[[@pone.0143756.ref003], [@pone.0143756.ref004]\]. For example, pseudouridine is the most abundant modified nucleoside in a wide variety of cellular RNAs containing tRNA, rRNA and small nuclear RNAs (snRNA), and it has been reported to contribute to the RNA-mediated cellular processes \[[@pone.0143756.ref004], [@pone.0143756.ref005]\]. tRNA also contains other various modifications, and tRNA modifications outside the anticodon loop, such as 1-methyladenosine, are generally used to maintain the stability of tRNA or modulate the tRNA folding \[[@pone.0143756.ref004], [@pone.0143756.ref006]\]. In addition, because various types of cell stress dynamically shift the population of tRNA modifications, such stress-related alterations in tRNA are regarded as an adaptive response mechanism, and their detection would therefore be useful for evaluating cell damage \[[@pone.0143756.ref004], [@pone.0143756.ref007]\]. Furthermore, a lack of several tRNA modifications that contribute to proper tRNA function has been associated with various human diseases \[[@pone.0143756.ref004]\]. For example, alterations in the taurinomethyl modification of mitochondrial tRNA causes mitochondrial diseases \[[@pone.0143756.ref008]\]. Similarly, an *N*6-methyladenosine modification that is abundant in mRNA as well as in tRNA and rRNA has been reported to be related to cell meiosis and physiological human conditions such as obesity and spermatogenesis \[[@pone.0143756.ref009], [@pone.0143756.ref010]\]. Thus, RNA modifications have been investigated with emphasis on their effects on human health and disease; however, the precise roles of RNA modifications are still largely unknown in many aspects. To further elucidate the biological functions of RNA modifications, the development of analytical methods for detecting RNA modifications and their alterations is needed.

To detect specific modifications or modified bases of RNAs, isolated RNAs are fragmented into nucleosides and then analyzed by physiochemical techniques such as high-performance liquid chromatography or mass-spectrometry (MS). However, the fragmentation step before the analysis may make the original structure of the RNA unclear. Dot blot analysis is also used as an alternative way of detecting specific modifications, and for this method, the fragmentation step is not needed. However, this technique has the limitation that a separation step according to the size of the RNAs is not performed, and hence, it is unable to distinguish which specific RNA is targeted among all of the RNAs in the sample.

Here, we report a protocol for detecting specific RNA modifications named "immuno-northern blot" analysis. The immuno-northern blot is performed using a modified northern blotting procedure with specific antibodies against modified nucleosides. This method does not require fragmentation of the RNAs before analysis, and it also enables the separation of RNAs based on their molecular weights, thus allowing detection of the modifications in different types of RNA. The present method provides a simple and useful technique for analyzing RNA modifications using a conventional experimental apparatus.

Results {#sec002}
=======

Immuno-northern blotting using antibodies against modified nucleosides {#sec003}
----------------------------------------------------------------------

In the present immuno-northern blot analysis (described in detail in [Materials and Methods](#sec010){ref-type="sec"}), RNAs are detected by antibodies against the modified nucleosides instead of by the radio-labelled DNA probes used for a conventional northern blot protocol. Briefly, as shown in [Fig 1](#pone.0143756.g001){ref-type="fig"}, RNAs are separated in the denaturing acrylamide or agarose gel, transferred onto the nylon membrane, cross-linked by UV irradiation, and then incubated with the primary antibodies against the specific modified nucleoside. The specific bands are detected by subsequent incubation with the secondary antibody and the chemiluminescent reaction. The protocol of this method is similar to that of western blotting.

![Immuno-northern blotting protocol.\
In this method, RNAs were separated by denaturing acrylamide or agarose gel electrophoresis, transferred onto a positively charged nylon membrane followed by UV cross-linking, and then incubated with the primary antibodies against the specific modified nucleoside as well as the secondary antibody. The specific bands were visualized by chemiluminescence.](pone.0143756.g001){#pone.0143756.g001}

We performed this immuno-northern blotting (INB) for the detection of the modified nucleosides with the antibodies against 1-methyladenosine (m^1^A), *N*6-methyladenosine (m^6^A), pseudouridine (Ψ), and 5-methylcytidine (m^5^C) in total RNAs isolated from various samples of mammalian cells (mouse liver and human liver HepG2 cell line), yeast (*S*. *cerevisiae* of strain BY4742 and W303), and bacteria (*E*. *coli* of strain DH5α and HST04) ([Fig 2A and 2B](#pone.0143756.g002){ref-type="fig"}).

![Immuno-northern blotting using antibodies against modified nucleosides.\
(A) Structural formulas of 1-methyladenosine (m^1^A), *N*6-methyladenosine (m^6^A), pseudouridine (Ψ), and 5-methylcytidine (m^5^C). (B) Total RNA (0.6 μg) isolated from the indicated samples was separated in the 12% polyacrylamide-8 M urea denaturing gel and analyzed by SYBR staining and immuno-northern blotting (INB) using the anti-m^1^A, anti-m^6^A, anti-Ψ and anti-m^5^C antibodies. The total RNA samples (0.6 μg) were also analyzed by the dot blot assay using each antibody, as indicated in the bottom panels.](pone.0143756.g002){#pone.0143756.g002}

The SYBR staining, a method for staining nucleic acids, detected each of the RNAs, including tRNA, 5S rRNA and 5.8S rRNA, separately and showed the differences in the composition of the RNAs among the mammal, yeast, and bacterial RNAs ([Fig 2B](#pone.0143756.g002){ref-type="fig"}). m^1^A is known as a highly conserved modification in eukaryotic RNA and is mainly present in tRNA \[[@pone.0143756.ref011]\]. Consistent with the previous finding \[[@pone.0143756.ref007]\], INB by the anti-m^1^A antibody showed the rich m^1^A modification mainly in the tRNA of mammal and yeast RNAs, and no signal was detected in bacterial RNAs. INB by anti-m^6^A antibody showed the positive signal in mammal, yeast and bacterial RNAs, especially in a part of yeast- and bacterial-tRNA ([Fig 2B](#pone.0143756.g002){ref-type="fig"}). In mammal RNAs, positive signals detected by the anti-m^6^A antibody were observed in the higher molecular weight RNAs (approximately 1770 nt), the RNAs slightly longer than 5.8S rRNA and slightly shorter than 5S rRNA ([Fig 2B](#pone.0143756.g002){ref-type="fig"}). Because the presence of m^6^A modifications was reported in eukaryotic mRNA, 18S rRNA, 28S rRNA, and snRNA \[[@pone.0143756.ref012]--[@pone.0143756.ref014]\], the positive bands by the anti-m^6^A antibody were probably derived from these m^6^A-containing RNAs. Although both m^1^A and m^6^A are methylated adenosine, these results demonstrated that the antibodies against each methylated-adenosine recognized the difference in the methylated positions of m^1^A and m^6^A, suggesting the high specificity of these antibodies. INB by anti-Ψ antibody ubiquitously showed positive signals in yeast, bacterial, and mammal RNA including tRNA, 5S rRNA and 5.8S rRNA. INB by the anti-m^5^C antibody and acrylamide gel separation showed the positive signal in approximately 1,770 nt of the mammal RNAs, a part of the yeast tRNA (approximately 75 nt), and approximately 1,000 nt of the bacterial tRNA ([Fig 2B](#pone.0143756.g002){ref-type="fig"}).

The results of INB using each antibody were consistent with those of dot blot analysis, except for those when using the anti-m^5^C antibody ([Fig 2B](#pone.0143756.g002){ref-type="fig"}, bottom panels). Although INB with the m^5^C antibody showed a positive signal in part of yeast tRNA, the dot blot with the antibody did not show a positive signal in the yeast RNA ([Fig 2B](#pone.0143756.g002){ref-type="fig"}). Thus, we additionally examined the dot bot with the anti-m^5^C antibody ([S1 Fig](#pone.0143756.s001){ref-type="supplementary-material"}). As a result, we revealed that the heating pretreatment of the sample affected the result of dot blot with anti-m^5^C antibody. With no pretreatment, the yeast RNA showed a positive signal by the anti-m^5^C dot blot, and mammalian as well as bacterial RNA did not ([S1A Fig](#pone.0143756.s001){ref-type="supplementary-material"}). In contrast, with heat treatment in the urea-containing sample buffer, the yeast RNA did not show positive signals by the anti-m^5^C dot blot while mammalian and bacterial RNA did ([S1B Fig](#pone.0143756.s001){ref-type="supplementary-material"}). Because heat denaturing treatment can alter the conformational structures of nucleic acids, we suppose that the conformational condition of the sample affected the binding affinity for anti-m^5^C antibody, thus causing the different results in the INB and dot blot with the anti-m^5^C antibody depending on the treatment conditions of each sample.

Immuno-northern blotting with agarose gel electrophoresis {#sec004}
---------------------------------------------------------

Acrylamide gel electrophoresis is optimal for the analysis of small RNAs because of its high resolution capability of RNAs as shown in [Fig 2B](#pone.0143756.g002){ref-type="fig"}, but it is unsuitable for the analysis of high molecular weight RNAs. Thus, next we performed INB using agarose gel electrophoresis for the separation of the RNA to analyze high molecular weight RNAs. Agarose gel separated the high molecular weight RNAs and distinguished between 28S and 18S rRNA ([Fig 3A](#pone.0143756.g003){ref-type="fig"}). Although a positive signal was detected at approximately 1,770 nt as an integrated band (Figs [2B](#pone.0143756.g002){ref-type="fig"} and [3A](#pone.0143756.g003){ref-type="fig"}) in the INB by anti-m^5^C antibody using acrylamide gel separation, the agarose gel based-INB separated the anti-m^5^C positive signals including the signals corresponding to around 18S and 28S rRNA ([Fig 3A](#pone.0143756.g003){ref-type="fig"}).

![Immuno-northern blot analysis using the anti-m^5^C antibody with acrylamide and agarose gel separation.\
(A) Total RNA (0.6 μg) isolated from mouse liver was analyzed by SYBR staining and INB with anti-m^5^C antibody after electrophoresis in the 12% polyacrylamide or 1% agarose denaturing gel. The INB image using acrylamide gel is a long-exposure image. Arrowheads denote the positive signals, which appear to be integrated in the INB image using the acrylamide gel. (B) Total RNA isolated from mouse liver (1.2 μg) and *E*. *coli* HST04 (0.6 μg) was analyzed by SYBR staining and INB with anti-m^5^C antibody or isotype IgG. As a negative control for INB, isotype IgG was used instead of anti-m^5^C antibody at the same concentration. (C, D) The effect of DNase I treatment on the anti-m^5^C positive signal. Total RNAs isolated from mouse liver (1.2 μg, C), *E*. *coli* HST04 (0.6 μg, D), and yeast BY4742 (1.0 μg, D) were treated with or without DNase I, and then it was analyzed by SYBR staining and INB with anti-m^5^C antibody using the indicated gel. Arrowheads denote the positive signals.](pone.0143756.g003){#pone.0143756.g003}

However, currently the presence of the m^5^C modification has not been reported in eukaryotic 18S rRNA \[[@pone.0143756.ref015]\]. Therefore, to exclude the possibility that the signals were non-specific signals by the anti-m^5^C antibody, we performed INB using mouse isotype IgG as a negative control instead of the anti-m^5^C antibody. Because isotype IgG did not show any positive bands in the mammal and bacterial RNAs ([Fig 3B](#pone.0143756.g003){ref-type="fig"}), the positive signals in the m^5^C antibody based-INB were unlikely to be non-specific signals by the antibody. Next, we examined the effect of contaminating DNA in isolated RNA samples on the anti-m^5^C positive signal because the anti-m^5^C antibody used in the present study (clone FMC-9) was reported to have a strong cross-reactivity with 5-methyl-2\'-deoxycytidine that is present in DNA \[[@pone.0143756.ref016]\]. To eliminate the effect of contaminating DNA, we treated the isolated RNA with DNase I ([Fig 3C and 3D](#pone.0143756.g003){ref-type="fig"}). As a result, DNase I treatment diminished the m^5^C-positive signal including around 18S and 28S rRNA in the mammalian RNA ([Fig 3C](#pone.0143756.g003){ref-type="fig"}). These data suggest that the anti-m^5^C positive signals in mammalian RNAs were not derived from RNAs but from the 5-methyl-2\'-deoxycytidine on the contaminating DNA component in the RNA sample. In contrast, DNase I treatment did not diminish the m^5^C-positive signal in the bacterial and yeast RNAs ([Fig 3D](#pone.0143756.g003){ref-type="fig"}), suggesting that the anti-m^5^C positive signals in the bacterial and yeast RNAs showed the m^5^C modification in the RNA components.

Analysis of intracellular localization of RNA modifications {#sec005}
-----------------------------------------------------------

Mitochondria have different tRNA compositions and modification patterns compared to those in cytoplasm \[[@pone.0143756.ref017], [@pone.0143756.ref018]\]. The m^1^A modification is known to be present in eukaryotic mitochondrial tRNA as well as in cytoplasmic tRNA \[[@pone.0143756.ref018]\]. Using INB, we next examined the intracellular localization of the m^1^A modification in the mitochondria and cytoplasm. RNAs isolated from the total, mitochondrial, and non-mitochondrial fraction of mouse liver were separated in an acrylamide gel and then analyzed by SYBR staining and INB ([Fig 4A](#pone.0143756.g004){ref-type="fig"}). The SYBR staining showed that the smaller-sized tRNA of 70 nt was present to a greater extent in the mitochondrial fraction than in the non-mitochondrial fraction ([Fig 4A](#pone.0143756.g004){ref-type="fig"}, arrowhead). The INB by anti-m^1^A antibody showed that both mitochondrial and non-mitochondrial tRNA contain the m^1^A modification ([Fig 4A](#pone.0143756.g004){ref-type="fig"}). In addition to tRNA, 18S and 28S rRNA among eukaryotic RNAs have been reported to contain m^1^A modifications, but 5S and 5.8S rRNA have not \[[@pone.0143756.ref001]\]. Consistent with these previous findings, the INB with agarose gel separation and anti-m^1^A antibody showed positive bands in 28S and 18S rRNA, indicating the presence of m^1^A in these rRNAs ([Fig 4B](#pone.0143756.g004){ref-type="fig"}). Additionally, the INB with acrylamide gel separation showed negative signals at approximately 120 and 160 nt that were identical positions to 5.8S and 5S rRNA in SYBR staining, respectively ([Fig 4A](#pone.0143756.g004){ref-type="fig"}, white arrowheads), suggesting the lack of the m^1^A modification in 5S and 5.8S rRNA. In the long exposed image of INB by anti-m^1^A, slight m^1^A positive-bands were detected in RNAs other than tRNA both in the mitochondrial and non-mitochondrial fractions ([Fig 4A](#pone.0143756.g004){ref-type="fig"}, arrows). These data indicate the presence of minor m^1^A modifications in other RNA species as well as in tRNA.

![Immuno-northern blot analysis of mitochondrial and non-mitochondrial RNA.\
RNAs were isolated from the total fraction (Total), mitochondrial fraction (Mito.), and non-mitochondrial fraction (Non-mito.) of mouse liver. (A) Each total RNA (0.6 μg) was separated in the 12% polyacrylamide gel and analyzed by SYBR staining and INB with anti-m^1^A antibody. The red arrowheads denote shorter tRNA bands, which were rich in the mitochondrial RNA. Arrows denote slight anti-m^1^A positive bands in the long exposure image. White arrowheads denote negative signals in 5.8S and 5S rRNA. (B) Each total RNA (1.2 μg) was separated on the 1% agarose gel and analyzed. The arrowheads denote positive signals in 28S and 18S rRNA. The arrow probably denotes the 28S rRNA-derived degraded transcript produced during the sample preparation.](pone.0143756.g004){#pone.0143756.g004}

tRNA-derived fragments detected by immuno-northern blotting {#sec006}
-----------------------------------------------------------

Various cell stresses, such as oxidative stress, induce intracellular tRNA cleavage resulting in tRNA-derived stress-induced fragments known as tiRNAs or tRF ([Fig 5A](#pone.0143756.g005){ref-type="fig"}) \[[@pone.0143756.ref007], [@pone.0143756.ref019]\]. Using INB, we examined the stress-induced tRNA cleavage in human kidney HK-2 cells. SYBR staining showed that arsenite, an inducer of oxidative stress, induced shorter bands of approximately 40 nt than those of full length tRNA ([Fig 5B](#pone.0143756.g005){ref-type="fig"}). The INB with the anti-m^1^A antibody clearly detected short, positive bands in addition to full length tRNA in the arsenite-treated cells ([Fig 5B](#pone.0143756.g005){ref-type="fig"}). These results demonstrated that the short bands were stress-induced tRNA-derived fragments because the m^1^A modification is highly specific in eukaryotic tRNA at position 58 in the 3'-half side (Figs [2B](#pone.0143756.g002){ref-type="fig"} and [5A](#pone.0143756.g005){ref-type="fig"}). These results suggest that INB is also suitable for tracking the changes in specific RNAs containing target modifications, such as the m^1^A modification in tRNA-derived fragments, as previously reported \[[@pone.0143756.ref007]\].

![Detection of stress-induced tRNA-derived fragments by immuno-northern blotting.\
(A) The image of stress-induced tRNA cleavage. tRNAs are cleaved under conditions of cell stress, and consequently, tRNA-derived fragments such as the 5'-side and 3'-side fragments appear. The modification of m^1^A is usually contained in the 3' side of the tRNA structure. (B) Total RNA (0.75 μg) was isolated from HK-2 cells treated with sodium arsenite (500 μM) for the indicated periods and analyzed by SYBR staining and INB with anti-m^1^A antibody using acrylamide gel separation. Arsenite-stress induced tRNA cleavage, and the resultant tRNA-derived fragments were detected by SYBR staining and firmly detected by the INB with anti-m^1^A antibody.](pone.0143756.g005){#pone.0143756.g005}

Specificity, sensitivity, and quantitative capability of immuno-northern blotting {#sec007}
---------------------------------------------------------------------------------

Next, we evaluated the specificity, sensitivity, and quantitative capability of INB. We synthesized 15-mer single strand RNA (ssRNA) with a site-specific incorporated m^6^A base ([Fig 6A](#pone.0143756.g006){ref-type="fig"}), and it was analyzed using SYBR staining and INB with anti-m^6^A antibody. Both SYBR staining and INB detected an amount of ssRNA at the 0.64 pmol level, and furthermore, INB was able to detect a concentration as low as 0.25 pmol of m^6^A-containing ssRNA ([Fig 6B](#pone.0143756.g006){ref-type="fig"}). INB with the anti-m^6^A antibody did not show any bands in the ssRNA samples without the m^6^A modification ([Fig 6B](#pone.0143756.g006){ref-type="fig"}), indicating the high specificity of the INB analysis and the antibody. Furthermore, the band-intensity of INB was proportional to the amount of applied m^6^A-containing RNAs ([Fig 6C](#pone.0143756.g006){ref-type="fig"}), suggesting the quantitative capability of the analysis.

![Specificity and sensitivity of immuno-northern blotting.\
(A) The sequences of synthesized 15-mer ssRNA containing either m^6^A or A at the center position. (B) SYBR staining and INB with anti-m^6^A antibody. Serially diluted m^6^A- and A-containing 15-mer ssRNA (10, 4, 1.6, 0.64, and 0.25 pmol) were analyzed. (C) Relative band intensities by INB of m^6^A-containing ssRNA. Densitometric analysis was performed to quantitate the band intensities. Data were expressed relative to the band intensity of each 10 pmol sample, which was taken as 1.0 arbitrary units (AU), N = 3. Values are shown as the mean ± SD.](pone.0143756.g006){#pone.0143756.g006}

Evaluation of m^6^A-demethylation by INB {#sec008}
----------------------------------------

Fat mass and obesity-associated protein (FTO) and AlkB family member 5 (ALKBH5) have been shown to have demethylation activity targeting m^6^A residues in RNAs ([Fig 7A](#pone.0143756.g007){ref-type="fig"}) \[[@pone.0143756.ref009], [@pone.0143756.ref010]\]. We evaluated the *in vitro* demethylation of m^6^A by FTO and ALKBH5 using INB. After the treatment with or without recombinant human FTO and ALKBH5, m^6^A containing-ssRNA was analyzed with SYBR staining and INB using anti-m^6^A antibody ([Fig 7B and 7C](#pone.0143756.g007){ref-type="fig"}). Although SYBR staining showed no differences in the amounts of RNA between the samples, INB revealed demethylation at 20% of the total m^6^A in the m^6^A containing-ssRNA by treatment with FTO ([Fig 7B](#pone.0143756.g007){ref-type="fig"}). The demethylation of m^6^A by treatment with recombinant ALKBH5 was also shown by the INB with anti-m^6^A antibody ([Fig 7C](#pone.0143756.g007){ref-type="fig"}). To confirm the quantification of the m^6^A-demethylation by FTO, we measured the m^6^A residues in the sample by using liquid chromatography-MS/MS (LC-MS/MS). Assessment of m^6^A-demethylation by LC-MS/MS showed results similar to those by INB ([Fig 7D](#pone.0143756.g007){ref-type="fig"}). These results suggest that INB is suitable for evaluating the quantitative variation of a specific modification in the target RNA.

![Detection of m^6^A-demethylation by immuno-northern blotting.\
(A) Demethylation of m^6^A to A in RNA by FTO and ALKBH5. (B) m^6^A-containig 15 mer-ssRNA was treated with or without FTO and analyzed by INB with anti-m^6^A antibody and SYBR. The bottom graph shows a densitometric quantification of the band intensity. Data were expressed relative to the mean value of the FTO (-) samples, which was taken as 1.0 AU, N = 3. (C) m^6^A-containig 15 mer-ssRNA was treated with or without ALKBH5 and analyzed by INB and SYBR. A representative image is shown. (D) LC-MS/MS analysis of FTO-mediated demethylation. After the FTO treatment, m^6^A-ssRNA was digested and subsequently analyzed by LC-MS/MS. Chromatograms of the m^6^A peak of digested nucleosides are shown. The right graph shows a quantification of the relative area ratio of m^6^A/A. Data were expressed relative to the mean value of the FTO (-) samples, which was taken as 1.0. (E) Knockdown of FTO and ALKBH5 in HeLa cells. The knockdown efficiency was measured by quantitative PCR. Relative abundance of each transcript was normalized by *GAPDH*. Data were expressed relative to the mean value of the control, which was taken as 1.0, N = 3. (F) Evaluation of the m^6^A modification in RNAs in FTO- and ALKBH5-knockdown HeLa cells. The mRNA (100 ng) and total RNA (1.0 μg) were analyzed by INB with anti-m^6^A antibody using acrylamide gel separation. Arrowheads denote the anti-m^6^A positive signals. SYBR staining is shown for the loading control. Values are shown as the mean ± SD. \**P* \< 0.05.](pone.0143756.g007){#pone.0143756.g007}

Furthermore, we examined whether INB can evaluate the endogenous m^6^A-demethylation inside cells. In human HeLa cells, ALKBH5 and FTO were knocked down by siRNA. The siRNA of ALKBH5 and FTO decreased the level of each mRNA to 7.1% and 3.0%, respectively ([Fig 7E](#pone.0143756.g007){ref-type="fig"}). Total RNA and mRNA were isolated from HeLa cells following the knockdown of FTO or ALKBH5. We evaluated the relative level of the m^6^A modification in the total RNA and mRNA by INB with anti-m^6^A antibody ([Fig 7F](#pone.0143756.g007){ref-type="fig"}). As a result, INB analysis showed an increase in the m^6^A modification in mRNA by the knockdown of ALKBH5 and FTO ([Fig 7F](#pone.0143756.g007){ref-type="fig"}). In addition, INB using total RNA revealed that the m^6^A modification in small RNAs (slightly longer than 5.8S rRNA and slightly shorter than 5S rRNA) as well as in the mRNA also increased by the knockdown of ALKBH5 and FTO ([Fig 7F](#pone.0143756.g007){ref-type="fig"}). These data suggest that INB also can be used to evaluate alterations in the levels of m^6^A-methylation in various RNAs inside cells.

Discussion {#sec009}
==========

Herein we report INB analysis using antibodies against modified nucleosides and an RNA separation technique by gel electrophoresis. Using this method, we could detect and quantify the target modifications in various separated RNAs. In the present study, INB could reveal the character of the m^5^C antibody that cross-reacts with another DNA modification. Additionally, INB could trace changes in the size of specific RNA, such as stress-induced tRNA cleavage. Furthermore, the results of INB suggest that the m^6^A modification in small RNAs as well as in mRNA are also demethylation substrates for FTO and ALKBH5. Thus, INB analysis provides a simple and useful method for examining RNA modifications without using complicated devices.

The INB analysis does not require the RNA fragmentation that is needed before analysis by the conventional method using high-performance liquid chromatography or MS. RNAs are present not only in their full-length form but also in derivative forms of different length such as tRNA-derived stress-induced fragments ([Fig 5](#pone.0143756.g005){ref-type="fig"}). Hence, fragmentation may obscure the original structure of the RNA as well as the whereabouts of the target modification. In contrast, INB without the fragmentation can examine native lengths of RNAs and show which length of the RNA contains the specific modification.

Because transcriptome-wide mapping studies have recently identified the m^6^A modification sites in mRNA, the biological functions of the m^6^A modification are highlighted \[[@pone.0143756.ref014], [@pone.0143756.ref020]\]. In the present study, the results of INB showed an increase in the endogenous m^6^A methylation in mRNA by the knockdown of FTO and ALKBH5 ([Fig 7F](#pone.0143756.g007){ref-type="fig"}), which is consistent with previous reports \[[@pone.0143756.ref009], [@pone.0143756.ref010]\]. Additionally, the results of INB suggest that the m^6^A modification in small RNAs as well as in mRNA might be demethylation substrates by FTO and ALKBH5 ([Fig 7F](#pone.0143756.g007){ref-type="fig"}). The m^6^A-methylated small RNAs that are potentially targeted by FTO and ALKBH5 were slightly longer than 5.8S rRNA and slightly shorter than 5S rRNA ([Fig 7F](#pone.0143756.g007){ref-type="fig"}). Because previous reports have shown that among snRNAs U2, U4, and U6 RNA contain a m^6^A base \[[@pone.0143756.ref013]\], we suppose that the m^6^A-methylated small RNAs in the present study are such snRNAs or their derivatives. However, to identify the specific RNA composed of the anti-m^6^A positive bands, we need to develop further approaches such as isolating the RNA that constitutes the specific bands by gel excision after separation and using a combination of sequencing methods. Because we have not yet developed such a technique, it will be our challenge in the next study.

INB revealed the character of the antibodies for RNA modification in the present study. The present INB method requires an antibody against a specific modification. For establishing the antibody against the modified nucleoside \[[@pone.0143756.ref016], [@pone.0143756.ref021], [@pone.0143756.ref022]\], we prepared an immunogen containing the targeted modified nucleosides by conjugation to a carrier protein \[[@pone.0143756.ref023]\] due to the low antigenicity of modified nucleosides alone. Although the antibodies for m^1^A, m^6^A and Ψ have high specificities to the target modifications ([Fig 6B](#pone.0143756.g006){ref-type="fig"})\[[@pone.0143756.ref021], [@pone.0143756.ref022]\], the anti-m^5^C antibody used in the present study (clone FMC-9) has been reported to have a 10-fold higher affinity for 5-methyl-2'-deoxycytidine, a modification of DNA, than for m^5^C \[[@pone.0143756.ref016]\]. Such cross-reactivity of the antibody may lead to some ambiguities of the results. In the present study, the INB revealed that the positive signals of mammalian RNA in the INB with the anti-m^5^C antibody were not derived from the RNA component but from contamination with DNA components ([Fig 3C](#pone.0143756.g003){ref-type="fig"}). Using INB, we detected the presence of m^5^C in the RNA of yeast and bacteria; however, we did not detect it in the mammalian RNA ([Fig 3C and 3D](#pone.0143756.g003){ref-type="fig"}), possibly because of the low sensitivity of the anti-m^5^C antibody for m^5^C. Additionally, the results of INB and dot blot using the anti-m^5^C antibody were different depending upon the manner of treatment of the samples ([Fig 2B](#pone.0143756.g002){ref-type="fig"} and [S1 Fig](#pone.0143756.s001){ref-type="supplementary-material"}). For example, yeast RNA showed a positive signal by the INB with the anti-m^5^C antibody and by dot blot with no denaturing pretreatment; however, dot blot with the anti-m^5^C antibody and heat denaturing pretreatment in urea-containing buffer did not show positive signals ([Fig 2B](#pone.0143756.g002){ref-type="fig"} and [S1 Fig](#pone.0143756.s001){ref-type="supplementary-material"}). Because heat denaturing treatment can alter the conformational structure of RNA, we suppose that the conformational condition of the sample affected the binding affinity for the anti-m^5^C antibody, resulting in the different signals in the INB and dot blot depending on the treatment conditions for each sample. However, because we have not yet discovered the precise mechanism pertaining to this issue, we are going to address this issue in a future study.

We used a positively charged nylon membrane Hybond N+ (GE Healthcare) as a transfer membrane, which is optimized for the conventional northern blotting protocol. It should be noted that some nylon membranes from different manufacturers are not suitable for the INB protocol, although we do not know the reason for the differences among the products. In the present study, the demethylation efficiency by recombinant FTO was modest ([Fig 7B](#pone.0143756.g007){ref-type="fig"}), although the previous report showed a higher demethylation efficiency by FTO than that found in our study \[[@pone.0143756.ref010]\]. We suppose that the difference between the present result and the previous result was caused by differences in the character and enzymatic activity of the recombinant FTO protein.

In summary, we developed an INB method using antibodies against modified nucleosides. This method is simple and useful for investigating the modifications and size changes of RNAs, and it should be useful for researching nucleic acid modifications and metabolism.

Materials and Methods {#sec010}
=====================

Materials {#sec011}
---------

Mouse monoclonal anti-1-methyladenosine (clone AMA-2, IgG2b kappa subclass), anti-pseudouridine (clone APU-6, IgG1 kappa subclass), and anti-5-methylcytidine antibody (clone FMC-9, IgG2a lambda subclass) were established as described previously \[[@pone.0143756.ref007], [@pone.0143756.ref016], [@pone.0143756.ref021], [@pone.0143756.ref022]\] and available for purchase from BML life science. Other antibodies and materials were purchased as follows: rabbit polyclonal anti-*N*6-methyladenosine antibody (Synaptic Systems), horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Thermo), HRP-conjugated goat anti-rabbit IgG (Thermo), mouse IgG2a lambda (Sigma-Aldrich), DNase I (RNase-free, Qiagen), RNase inhibitor (Roche), sodium meta-arsenite (Wako), recombinant human FTO protein (Abcam), and recombinant human ALKBH5 protein (Abnova). The m^6^A-incorporated 15-mer ssRNA was synthesized and purified by HPLC (Gene Design) according to the sequence in the literature \[[@pone.0143756.ref010]\]. Human hepatocarcinoma HepG2 cells (HB-8065), human kidney HK-2 cells (CRL-2190), and human cervical carcinoma HeLa cells (CCL-2) were purchased from ATCC. *E*. *coli* (strain DH5α and HST04) was purchased from Takara-Bio. *S*. *cerevisiae* (strain BY4741 and W303-1B) was a kind gift from Prof. Shusuke Kuge (Tohoku Pharmaceutical University).

RNA isolation {#sec012}
-------------

The total RNAs were isolated from C57BL/6 male mouse liver, human hepatocarcinoma HepG2 cells, *S*. *cerevisiae* (strain BY4741 and W303-1B), and *E*. *coli* (strain DH5α and HST04) using Tripure isolation reagent (Roche) and miRNeasy Mini kit (Qiagen). The mitochondria and non-mitochondrial fractions were isolated from mouse liver as previously described \[[@pone.0143756.ref024], [@pone.0143756.ref025]\]. The RNA concentration was measured by a Bio-Spec Nano spectrophotometer (Shimadzu). To eliminate the contaminating DNA in the isolated RNA solution, we performed optional on-column DNase I digestion with standard RNA isolation using miRNeasy. All animal experiments were approved by the Animal Committee of Tohoku University School of Medicine. Mice were euthanized by cervical dislocation, and tissues were immediately dissected and snap-frozen in liquid nitrogen. A total 6 mice were examined in the present study.

Immuno-northern blot analysis {#sec013}
-----------------------------

An isolated RNA solution with an equal volume of sample buffer (90 mM Tris-borate, 2 mM EDTA, pH 8.3, 8 M urea, 10% sucrose, 0.05% bromophenol blue, and 0.05% xylene cyanol) was denatured by heating at 65°C for 15 min, followed by chilling on ice. Denatured samples were separated by 12% polyacrylamide-8 M urea denaturing gel electrophoresis at 250 V in 0.5x TBE buffer (45 mM Tris, 45 mM borate, and 1 mM EDTA, pH = 8.0). For blotting, separated RNA was transferred onto Hybond N+ positive charged nylon membranes (GE Healthcare) by semidry electroblotting in 0.5x TBE buffer at 300 mA for 60 min. After UV crosslinking at 120,000 μJ/cm^2^ in a Stratalinker UV crosslinker (Stratagene), the membrane was blocked with 2% Block-Ace (Dainihon Pharmaceutical) in TBS-T (50 mM Tris, 150 mM sodium chloride, and 0.1% Tween 20, pH 7.4) for 1 h at room temperature and then incubated with the primary antibodies (diluted 1:500 for anti-m^1^A, anti-PU and anti-m^5^C and 1:1000 for anti-m^6^A) in Can Get Signal solution 1 (Toyobo) overnight at 4°C or for 2 h at room temperature (for anti-m^5^C). After washing with TBS-T, membranes were incubated with appropriate HRP-conjugated secondary antibody diluted 1:1000 in Can Get Signal solution 2 (Toyobo) for 1 h at room temperature. The membrane was visualized by Pierce Western Blotting Substrate Plus (Thermo) and a LAS-4000 mini luminescent image analyzer (Fuji Film). The quantification of the band intensity was analyzed using Multi-Gauge v3.2 software (Fuji Film).

Immuno-northern blot analysis using agarose gel {#sec014}
-----------------------------------------------

The RNA sample was denatured by heating at 65°C for 15 min in 50% formamide and 4.4 M formaldehyde, and then, it was electrophoresed in 1% agarose gels containing 2.2 M formaldehyde in 1x MOPS buffer (pH 7.0). For blotting, separated RNA was transferred onto Hybond N+ nylon membranes by upload capillary blotting with 10x SSC buffer overnight. The following procedures were performed in the same manner as the INB protocol using polyacrylamide gels, which was described above.

Nucleic acid staining and dot-blotting {#sec015}
--------------------------------------

For nucleic acid staining, the electrophoresed gel was stained with SYBR Gold Nucleic Acid Gel Stain (Invitrogen). For dot-blot analysis, RNA solution (2.0 μL) was spotted onto the nylon membrane and then treated in the same manner as the INB protocol. For the dot-blot analysis with the anti-m^5^C antibody, a RNA solution with an equal volume of the urea-containing sample buffer was denatured by heating at 65°C for 15 min, followed by chilling on ice, and then, it was spotted on the membrane.

Cell culture {#sec016}
------------

HepG2 cells were incubated in RPMI1640 supplemented with 10% fetal calf serum. HK-2 and HeLa cells were incubated in DMEM supplemented with 10% fetal bovine serum. Cells were cultured at 37°C in a humidified atmosphere of 95% air-5% CO~2~. For the cell stress assay, HK-2 cells were incubated with the culture medium containing 500 μM sodium arsenite for 1, 2 or 4 hours. After the arsenite exposure, the medium was removed, and then, the total RNA was extracted from the arsenite-treated cells.

Demethylation assay {#sec017}
-------------------

The demethylation assay with FTO and ALKBH5 was performed as reported in the literature \[[@pone.0143756.ref009], [@pone.0143756.ref010]\]. For the assay with FTO, a 100 μL aliquot of reaction mixture containing 100 pmol m^6^A-ssRNA with 25 pmol of recombinant FTO, 283 μM (NH~4~)~2~Fe(SO~4~) ~2~·6H2O, 300 μM α-ketoglutaric acid, 2 mM L-ascorbic acid, 50 μg/mL bovine serum albumin, and 50 mM HEPES buffer (pH 7.0) was incubated for 3 h at room temperature. For the assay with ALKBH5, a 130 μL aliquot of reaction mixture containing 40 pmol m^6^A-ssRNA with 12 pmol of recombinant ALKBH5, 150 μM (NH~4~)~2~Fe(SO~4~) ~2~·6H2O, 100 mM KCl, 2 mM MgCl2, 300 μM α-ketoglutaric acid, 2 mM L-ascorbic acid, 1 U/μL RNase inhibitor, and 50 mM HEPES buffer (pH 7.0) was incubated for 3 h at room temperature. After the incubation with FTO or ALKBH5, the reaction mixture was deproteinized by the Tripure-chloroform procedure and then desalted using Illustra MicroSpin G-25 columns (GE Healthcare). The extracted RNA solution was analyzed by immuno-northern blotting.

Quantitative analysis of the m^6^A level using LC-MS/MS {#sec018}
-------------------------------------------------------

The m^6^A and A levels were measured by LC-MS/MS. The sample preparation procedures of m^6^A and A were performed as described in a previous study \[[@pone.0143756.ref007], [@pone.0143756.ref026], [@pone.0143756.ref027]\].

LC-MS/MS was comprised of a NANOSPACE SI-2 HPLC system and a TSQ Quantum Ultra (Thermo Fisher Scientific) triple quadrupole mass spectrometer equipped with a heated electrospray ionization source. Samples were analyzed in the selected reaction monitoring mode. The optimum value of the selected reaction monitoring was determined by monitoring the following transitions: *m/z* 282.1 \> 150.1 for m^6^A and *m/z* 268.1 \> 136.1 for A. Liquid chromatographic separation was performed in the reversed-phase mode with a gradient elution.

Knockdown of FTO and ALKBH5 {#sec019}
---------------------------

Transfections were performed using Lipofectamine RNAiMAX (Invitrogen) following the manufacturer's protocols. For the knockdown of FTO and ALKBH5 expression, Silencer Select Pre-designed siRNA for FTO and ALKBH5 (Thermo Fisher, siFTO: s29688, s29687, s29688, and siALKBH5: s35510, s35511, s35512) were used. The scrambled RNAi oligo was used as a negative control. Forty-eight hours after the transfection of siRNA into HeLa cells, the total RNA was isolated from the cells with DNase I treatment. mRNA was isolated from the total RNA using a Dynabeads mRNA Purification Kit (Ambion). cDNA synthesis and quantitative PCR analysis were performed as described previously \[[@pone.0143756.ref028]\]. Gene specific primers and probes were purchased from Applied Biosystems (FTO: Hs01057145_m1; and ALKBH5: Hs00539502_m1).

Statistics {#sec020}
----------

Values are presented as the mean ± SD. Statistical analysis was evaluated by the unpaired *t* test. Values of *P* \< 0.05 were considered to be statistically significant.

Supporting Information {#sec021}
======================

###### Dot blot assay with anti-m^5^C antibody.

The total RNA samples (0.6 μg) were analyzed by dot blot with anti-m^5^C antibody. (A) Isolated RNAs eluted in water were directly spotted on the membrane. Arrowheads indicate positive signals in the yeast samples. (B) Isolated RNAs mixed with urea-containing sample buffer were heated at 65°C for 15 min, followed by chilling on ice, and then spotted on the membrane. Image B is identical image shown in [Fig 2B](#pone.0143756.g002){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.
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